Introduction {#S1}
============

The analysis of auditory brainstem responses (ABRs) is considered to be a robust method for the objective determination of hearing thresholds (HTs).^[@R1],[@R2]^ Such a method is of great relevance in the case of non-cooperative patients, i.e., newborns, in whom the application of behavioral methods is not possible, but where an early detection of a hearing loss and HTs and an opportune intervention and therapy are of great relevance, especially for the further development of the patients.^[@R3],[@R4]^

The technical methods used to detect HTs in newborn hearing screening (NHS) programs include mostly transient evoked otoacoustic emissions (TEOAEs) and ABRs; other methods can also be employed, such as distortion product otoacoustic emissions (DPOAE).^[@R5]^ TEOAEs can be used for a hearing check but they do not allow for a quantification of the hearing loss and suffer from a rather low specificity.^[@R2]^ In general applications, *i.e.*, NHS programs, these methods give results related to a general HT, and when a more detailed frequency specific determination of a HT is required, *e.g.*, for hearing aid fitting, different approaches are used instead, *e.g.*, tone bursts-evoked ABRs, and auditory steady state responses (ASSRs).^[@R6]^ The subjective methods used for the same purpose include pure tone audiograms (PTAs), but they still require the cooperation of the subject in order to perform the test. Lately, new methods such as the stacked ABRs,^[@R7]--[@R12]^ which have been used for the detection of small acoustic tumors, seem to be a promising approach for frequency specific HT determination. The stacked ABR combines click-evoked ABRs with high pass filtered masking noise at different cutoff frequencies. The waves V for different frequency bands are determined by the subtraction of the averaged response obtained without masking condition (broadband response) to the averaged response using high pass filtered masking noise; then, the cutoff frequency of the noise is decreased for each subsequent measurement in order to extract the ABRs for the subsequent (lower) frequency bands.^[@R7]--[@R12]^

Over the last years it was commonly believed that ABRs were elicited by the onset or offset of a stimulus, and therefore clicks were preferred because of their abrupt onset and wide spectral content,^[@R13],[@R14]^ similar to the idea of a Dirac distribution activating all the Eigen values of a continuous linear time invariant system. However it is known that the cochlea is tonotopically organized.^[@R15]^ This means that low frequency components of a traveling wave take a longer time to reach their sensation locus (apex) than the high frequency components (base), as shown in the schematic diagram of an uncoiled cochlea in [Figure 1](#F1){ref-type="fig"} (bottom). Gorga and Neely^[@R16],[@R17]^ reported wave V latency-intensity curves, where it can be seen that the latency and amplitude of the wave V of ABRs are related to the intensity and the frequency of the stimulus. Later, Dau^[@R18]^ designed a chirp stimulus with the idea of compensating the temporal dispersion of the basilar membrane (BM) by delaying the high frequency from the low frequency components, making use of the linear cochlear model of de Boer^[@R15]^ and the cochlear frequency-position functions based on experimental data obtained by Greenwood,^[@R19]^ see [Figure 1](#F1){ref-type="fig"} (top) for an example of a chirp stimulus. A variety of chirps have been developed since then. For instance, Fobel *et al.*^[@R20]^ calculated chirps using otoacoustic emissions (OAE) data, and wave V-latencies fitted curves, they tested in control subjects and compared to the chirp developed by Dau *et al.*^[@R18]^ and to click stimulations. Results showed larger wave V amplitude values using rising chirps compared to the amplitudes evoked by click stimulations. In particular, the chirps, which evoked the larger responses, were the ones based on the wave V latency-intensity curves. Chirp stimulations have not only been used for ABRs but also for auditory steady state responses (ASSRs)^[@R21]^ and OAEs^[@R22]--[@R24]^ applications, always resulting in positive results. For instance as reported by Elberling *et al.*,^[@R21]^ the ASSRs evoked by chirps resulted in shorter detection time and higher signal-to-noise ratio compared to click stimulations. Likewise, Bennet *et al.*^[@R22],[@R23]^ employed chirp stimuli using the so called swept-tone technique to characterize the ear canal transfer properties and with this information an improved acoustical click could be developed and thus used to collect OAEs, resulting in a reduction of the stimulus artifact, a better signal-to-noise ratio also compared to a standard click stimulus, among other benefits. Also, Chertoff *et al.*^[@R25]^ proved the advantage of using chirps instead of clicks for evoking the compound action potentials (CAPs). Specifically Wegner *et al.*,^[@R26]^ generated a low-frequency chirp. The authors compared the resulting ABRs obtained with this low-frequency chirp and high pass filtered masking noise, to tone bursts-evoked ABRs, and concluded that the low frequency chirp-evoked larger wave V amplitudes at low and medium levels than a tone pulse with similar duration and magnitude spectrum. A series of band limited chirps was constructed by Bell *et al.*,^[@R27]^ using the same approach reported by Dau *et al.*,^[@R18]^ but without masking noise. Moreover, frequency windows to limit the bands of the chirps were employed. The authors obtained ABRs and concluded that the threshold estimations were similar to tone bursts stimuli without noise masking, but were different from the reported for tone burst using noise masking.

Figure 1(Top) Chirp stimulus: Rising frequency chirp. Note that the high frequencies are delayed from the low frequencies. The amplitude envelope assures a flat amplitude spectrum. (Bottom) Schematic representation of an uncoiled cochlea. Note the tonotopic organization: the sensation loci for high frequencies are at the area of the base and for low frequencies are at the area of the apex.

Due to a poor signal-to-noise ratio of ABRs, 2000 up to 4000 sweeps (individual responses) have to be often averaged to obtain a meaningful, visually noticeable signal at a particular stimulation level (the exact number depends on the number of artifacts produced and the stimulation intensity). This applies for ABR measurements including all its modalities (tone burst-evoked, stacked, notched noise-evoked ABRs, etc). This measurement time requires sometimes the state of spontaneous sleep, strong sedation, or narcosis of the newborns. Therefore, NHS programs are commonly conducted as multiple stage procedures, where the ABR measurements can just be applied at the last screening stage due to the long duration measurements. In other words, the idea is to filter as many as possible newborns by TEOAE measurements but due to a low specificity, many newborns with a physiological hearing are transferred to subsequent screening stages. This produces unnecessary cost due to the follow up. Therefore, a fast detection of frequency specific ABRs, and ABRs in general, would also be of great relevance and not only for click-evoked ABRs, where measurement is unsuitable in early screening stages of universal NHS programs.

So far, many methods have been proposed for an automatic recognition of ABRs with various success rates.^[@R1],[@R28]--[@R41]^ These methods are essentially based on traditional statistical pattern recognition techniques for classification of the ABRs. Generally, signal characteristics pertaining to different conditions are derived and then used for the computational recognition. Syntactic methods have also been used for the classification of ABRs.^[@R32]^ Artificial neural networks have been used as well for classification of ABRs.^[@R35]^ Chen *et al.*^[@R37]^ reported a clinical evaluation of the widely used detection method ALGO, developed by Peters,^[@R30]^ with a sensitivity of 93%, a specificity of 78% and an accuracy of 83%. Özdamar *et al.*^[@R35]^ reported an accuracy of about 76% for ABRs classification by using back propagation multilayer perception classifier for the purpose of threshold determination. Gentiletti-Faenze *et al.*^[@R40]^ reported a rather good sensitivity (91%), specificity (92%) and accuracy (91%) using an automatic ABR statistical recognition. Due to differences in the measurement techniques, data acquisition processes, and post-processing methods it is difficult to objectively compare the results of the research cited above. However, all these cited methods are based on large-scale averaging procedures for the final analysis and require sometimes narcosis, sedation, or the state of spontaneous sleep of the newborn to obtain the data. It is a major objective of our ongoing research to avoid time-domain averaging procedures, and instead use single sweep analysis in order to implement a very fast detection of ABRs, not only in terms of an acquisition of a general HT but also, for the detection of frequency specific responses as well.

The aim of the present work is to develop a series of frequency specific chirps, similar to the study of Bell *et al.*^[@R27]^ but instead of symmetric frequency windows, using amplitude functions that result in flat spectrum chirps. Furthermore, the chirps will be embedded in notched filtered noise matching the frequency characteristics of each chirp. The latter will avoid synchronized contribution of other cochlear areas, *i.e.*, those areas that were not intended to be stimulated. Also, we showed recently that time-scale phase synchronization stability (PSS) provides a robust measure for the fast analysis of ABRs single sweep sequences.^[@R42],[@R43]^ The assessment of frequency specific ABRs could serve not only for HT determination but also for hearing aid fitting purposes, among other applications. In this paper we present the development of the notched-noise embedded band limited chirps, the resultant ABRs collected from healthy young subjects and their analysis using PSS.

This paper is organized as follows: in Materials and methods section we present the construction of the series of notched-noise embedded band limited chirps, the experimental acquisition paradigm, subjects and measurement setup, as well as the post-processing methods applying the PSS measure to the collected ABRs. In Results and Discussion sections we present the findings and discuss our approach. Our conclusive remarks are finally given in Conclusions section.

Materials and methods {#S2}
=====================

Stimuli
-------

### Chirps series

The generation of the chirps was based on the studies by Dau *et al.* and Fobel *et al.*,^[@R18],[@R20]^ where the latency-frequency function was developed employing the mathematical cochlear model of de Boer^[@R15]^ and the cochlear frequency-position functions obtained by Greenwood.^[@R19]^ First, a broadband chirp was calculated for the frequency range of 0.1--10 kHz (central frequency at 5250 Hz). This range of 9.9 kHz, which was the total operation range, served to generate the 5 bands (2^*n*^, n ∈*{1, 2,..., 5})* for the frequency specific chirps. The bands were then centered on standard frequencies for audiograms (see theoretical values in [Table 1](#T1){ref-type="table"}). In ascending order, the smaller bands correspond to the low central frequencies and the larger bands correspond to the higher central frequencies, respectively. Next, an amplitude envelope which resulted in a flat frequency spectrum stimulus was applied,^[@R18],[@R20]^ combined with notched filtered masking noise. With the previously stated and ensuring that each stimulus started and ended with zero, it is presumed that the effect of an abrupt onset and offset of each stimulus is diminished. The chirps were adjusted to the latency-frequency function in order to have zero values at their beginning and at their end. For this series of chirps it was desirable to have as many cycles as possible in each stimulus. Thus, the duration criteria, besides the condition of 0 value at the beginning and at the end, was to have at least a minimum number of cycles. Wegner *et al.*^[@R26]^ used a *3-half-waves* chirp, which we also took as criteria. The final bands of the chirps were slightly different from the first calculated bands (the frequencies changed less than 20%), and they remained under the tolerance limits according to the initial values ([Table 1](#T1){ref-type="table"}).

Table 1Calculated and final (\') parameters of the frequency specific chirps. Note that the final Chirp 4 includes the ranges of Chirp number 4 and Chirp number 5, for details we refer to the text.Chirp numberBandwidth (Hz)Fc (Hz)Interval (Hz)Fc\' (Hz)Interval\' (Hz)Duration (ms)1Range/2^5^≡309250\[95, 405\]302\[108, 490\]6.19462Range/2^4^≡619750\[441, 1059\]813\[495, 1135\]2.01853Range/2^3^≡12382000\[1381, 2619\]1915\[1230, 2600\]0.878064Range/2^2^≡24754000\[2763, 5238\]6725\[2950, 10500\]0.50915Range/2^1^≡49508000\[5525, 10475\]\-\--BroadbandRange/2^0^≡99005050\[100, 10000\]5050\[100, 10000\]10.12

A special consideration was given to the chirps with the 2 highest frequency bands (Chirp number 4 and Chirp number 5). One chirp had to be constructed out of these two because the model did not allowed the *3-half-waves* criteria. Therefore, the ranges of both chirps were added and included in one chirp, resulting in 4 bands limited chirps. This limitation of the latency-frequency function and possible improvements will be discussed later in this paper. The final waveforms, as well as the latency-frequency function can be seen in [Figure 2](#F2){ref-type="fig"}. In the same figure and in [Table 1](#T1){ref-type="table"}, the numerical values of the final central frequencies, frequency bands, and duration of the chirps are shown. For identification purpose, the chirps are called Ch1, Ch2, Ch3, and Ch4, according to their frequency range, where Ch1 accounts for the stimulus with the lowest frequency band and Ch4 refers to the chirp with the highest frequency band. For the broadband chirp the abbreviation is B-bCh. It is important to mention that the final chirps included the standard audiogram frequencies inside their range. The chirps were presented with an alternating polarity (one time the stimuli started with positive values and the next time with negative values) and a repetition rate of 20 Hz.

Figure 2Frequency specific chirps. Thick black line: latency--frequency function used for the generation of the chirps. The resulting waveforms, frequency bands (displayed as horizontal bars), and duration of the chirps are also shown. Here, Ch1 corresponds to the chirp with the lowest frequency band and Ch4 corresponds to the chirp with the highest frequency band. B-bCh states for the broadband chirp.

### Notched masking noise

For the notched masking noise files, white noise as recommended in,^[@R44]^ was created using scientific computing software (Mathworks Inc., USA). The noise was bandpass filtered for the frequency range of 0.1--10 kHz, afterwards it was notched filtered using digital finite impulse response filter. An individual notched-noise file was created for each chirp. The noise in all conditions was 20dB sound pressure level (SPL) smaller than the corresponding intensity of the chirps.^[@R44]^ After calibration (for details see the subsection of calibration below), the noise was added to the stimuli and then presented to the subject. Note that the noise was not added to the broadband chirp as in this it was intended to stimulate the entire cochlea. All the stimuli were calculated digitally and converted to a sound file with a sampling frequency of 44.1 kHz.

### Calibration

The setup and stimuli were calibrated according to the recognized standards and references,^[@R45]--[@R47]^ *i.e.*, the peak equivalent (pe) SPL had to be calculated for the chirps. These peak amplitudes were measured from the highest peak to the most negative peaks using a digital oscilloscope (TPS 2014, Tektronix, USA), and the equivalent reference sinusoidal wave (to calculate the pe SPL) was produced by a function signal generator (33220A, Agilent, USA). A sound level meter (type 2250, Brüel & Kjær, Denmark) measured the pe SPL via a pre-polarized free field 1/2\" microphone (type 4189, Brüel & Kjær) connected to an artificial ear (type 4153, Brüel & Kjær). The artificial ear was simultaneously coupled to the headphones (HDA-200, Sennheiser, Germany) while reproducing the reference sinusoidal wave. The noise files were calibrated by collecting their corresponding SPL values (Zeq) and subsequently were attenuated before adding them to their respective chirps.

Subjects, experiments, data preprocessing, and apparatus
--------------------------------------------------------

### Subjects

Chirp-evoked ABRs were collected from ten student volunteers of the Saarland University of Applied Sciences (mean age 25.1 years with a standard deviation of 3 years; 4 female, 6 male), with no history of hearing problems and normal hearing thresholds \[below 15 dB (HL)\] checked by an audiogram carried out before the experiments. After a detailed explanation of the procedure, all subjects signed a consent form.

### Experiments and preprocessing

The time for one complete experiment was approximately 2 h including the time for the preparation of the subject and electrodes placement. Ag/AgCl electrodes (Schwarzer GmbH, Germany) were attached as follows: ipsilateral to the stimulus at the right mastoid (A1), common reference at the vertex (Cz), and ground at the upper forehead (Fpz). The electrode labels are according to the standard 10--20 system. Impedances were maintained below 5 kΩ in all the measurements. The subjects were instructed to lie down on a bed in an acoustically insulated room trying to remain quiet, with the eyes closed, and sleep if possible. The headphones were placed and after verifying electrode impedances, the lights were turned off. Subsequently, ABRs were obtained using the broadband chirp followed by the noise embedded frequency specific chirps for the intensity levels of 50, 40, and 30 dB pe SPL, respectively. In total 15 files were recorded. A total of 3000 sweeps, i.e., the response to an individual stimulus, free from amplitude artifacts (artifacts were removed by an amplitude threshold (15µV) detection) were recorded in each condition. The measurement sequence was identical for each subject.

Apparatus
---------

[Figure 3](#F3){ref-type="fig"} shows the experimental set-up used for the acquisition of the ABRs. A personal computer controlled the acquisition of the electroencephalographic activity, as well as the presentation and intensity level of the stimuli. The electroencephalographic activity was acquired by a high-end 24 bit biosignal amplifier (gUSBamp, gTec, Austria) using a sampling frequency of 19.2 kHz, and a bandpass filter with low and high cutoff frequencies of 0.1 and 1.5 kHz, respectively. The biosignal amplifier was connected via USB port to the computer. The intensity level was controlled by means of a programmable attenuator headphone buffer (gPAH, gTec, Austria) connected to the computer via serial port. Each sound file was generated together with its respective trigger signal. The audio channel that corresponded to the stimuli was connected to the attenuator and afterwards delivered to the subject via circumaural headphones (HDA-200, Sennheiser). The trigger channel was connected to a trigger conditioner box (g.Trigbox, gTec) which adapted the voltage of the trigger signal in order to be acquired by the biosignal amplifier. The acquisition-processing program and all further post-processing were achieved using scientific computing software (Mathworks Inc., USA).

Figure 3Set-up for the acquisition of auditory brainstem responses. The computer controls: (A) the acquisition of the electroencephalographic activity using a biosignal amplifier; (B) the intensity of the stimuli by using a programmable attenuator and headphone buffer; (C) stimuli and trigger signals presentation. The trigger signal is adequate for acquisition by a trigger conditioner box. The software developed for the specific purpose acquires, filters and stores the data.

Time-scale phase synchronization stability
------------------------------------------

In this section, we present the PSS derived from the complex continuous wavelet transform. Let *ψ* ~a,b~(⋅) = \|*a*\|-^½^ *ψ* ((⋅-*b*)/*a*) where *ψ* ∈ *L^2^*(R) is the wavelet with 0 \<∫~R~\|ψ(ω)\|^2^\|ψ(ω)\|^−1^d ω\<∞ (Ψ(ω) is the Fourier transform of the wavelet, and *a,b* ∈ R, *a* ≠ 0. The wavelet transform $\left. W_{\psi}:L^{2}\left( \text{R} \right)\rightarrow L_{2}\left( {\text{R}^{2},\frac{\text{d}a\text{d}b}{a^{2}}} \right) \right.$ of a signal χ ∈ L^2^(R) with respect to the wavelet *ψ* is given by the inner L^2^-product (*Wψχ*)(*a*,b) = \< χ, ψ~a,b\>L~^2^. We define the PSS, Γa,b, of a sequence χ = {*χ~m~* ∈ *L^2^*(R) : *m* = 1,...,*M*} of *M* sweeps by $$\Gamma_{a,b}\left( \chi \right): = \frac{1}{M}\left| {\sum\limits_{m = 1}^{M}e^{1\text{~arg}{({{({W_{\varphi}I_{m}})}{({a,b})}})}}} \right|.$$

Note that [Equation 1](#FD1){ref-type="disp-formula"} yields a value in (0,1). For a more detailed explanation in the extraction of time-scale phase synchronization stability we refer to.^[@R42],[@R43],[@R48]^ PSS of the collected ABRs was calculated using different values for the scale a. The pseudo-frequencies, *F~a~,* can be calculated by $\frac{F_{c} \cdot F_{s}}{a}$ where *Fc* is the center frequency of the wavelet, and *F~s~* is the sampling frequency.

Results {#S3}
=======

Auditory brainstem responses
----------------------------

[Figure 4](#F4){ref-type="fig"} shows an example of the ABR measurements in one subject for the different conditions. The results are shown in a single sweep matrix representation, *i.e.*, the amplitude of the sweeps is encoded in a color-scale map (yellow to white colors represent high values and dark red to black colors represent small values), and as thick black lines representing the averages for the time domain waveforms. Each line represents the average of the 1500 even and odd responses in order to show reproducibility. In the same figure the offset of the stimulus is subtracted in order to align the responses with the offset of their respective stimulus. The columns correspond to the responses for a specific intensity level (from left to right, 50, 40 and 30 dB pe SPL), and the rows from top to bottom, correspond to the responses of Ch4, Ch3, Ch2, Ch1, and B-bCh, respectively. The 6th row is the sum of the responses from Ch1 to Ch4, and the last 7^th^ row is the same sum but with prior alignment of the waves V. As mentioned in the previous section, 3000 sweeps were collected for each subject and condition. It is important to emphasize that we are interested in the feasibility to collect ABRs under the designed paradigm. In future, more clinical oriented applications, like for instance a fast detection of such ABR responses, the required number of sweeps to be collected would be much smaller, as observed in^[@R49]^ in the range of hundreds, and factors such as the inter-stimulus interval (ISI) could also be decreased in order to optimize the data acquisition time.

Figure 4Example of auditory brainstem responses measurements collected from one subject for the different stimulation conditions. The columns correspond to the responses for a specific intensity level (from left to right, 50, 40 and 30 dB peak equivalent sound pressure level), and the rows (from top to bottom) correspond to the responses evoked by the Ch4, Ch3, Ch2, Ch1, and B-bCh, respectively. The row number 6 corresponds to the sum of the averaged responses of the Ch1, Ch2, Ch3, and Ch4, and the 7th row corresponds also to the same sum but after alignment of the waves V. For each condition, two black lines are plotted to show reproducibility (each line corresponds to an average of 1500 sweeps), and they are placed above its respective single sweep matrix representation, i.e., the amplitude of the sweeps is encoded in a color-scale map.

The main results of the ABRs collected are summarized in [Figure 5](#F5){ref-type="fig"}, where two separated plots to show mean latencies and mean amplitudes are shown. On the top of the Figure, the mean amplitude values of the wave V of ABRs are plotted for the different chirps and intensity levels. The plot at the bottom shows the latency-frequency function (black solid line-used for the generation of the chirps) as well as the resulting mean values of the latencies of the wave V of ABRs for the different chirps at the different intensity levels. Note that these averaged latency values are plotted in the center frequency of their corresponding chirp. In both figures, lines to connect the different averages are plotted for visual reasons; the black dot-dashed line, dark gray continuous line and light gray continuous line represent the results for intensities levels of 30, 40 and 50 dB pe SPL, respectively; the error bars represent standard deviation. The latency values for the B-bCh are shown as individual points at the center frequency of the broadband chirp. For the latency curves in this figure, the duration of the chirps is included and only 5 ms were subtracted from the preliminary average value. Those 5 ms represent the neural component^[@R17]^ and it is not considered on the mathematical cochlear model, which is represented as a black thick line in the figure.

Figure 5General auditory brainstem responses results. (Bottom) Wave V Latency curves: Average latencies obtained from all the subjects and for all stimulation conditions. The black continuous line represent the model of de Boer, employed in the generation of the chirps. (Top) Wave V mean amplitude values for the different stimulation conditions. In both figures: black dot-dashed line, dark gray continuous line, and light gray continuous line represent the intensity level of 30, 40 and 50 dB peak equivalent sound pressure level, respectively. The error bars indicate standard deviation.

Time-scale phase synchronization stability
------------------------------------------

[Figure 6](#F6){ref-type="fig"} shows the grand average (overall the subjects) of the PSS for the different stimulation conditions, with M=3000 (sweeps), in [Equation 1](#FD1){ref-type="disp-formula"}. For the calculations, the symmetric 6^th^-derivative of the complex Gaussian function was used as wavelet, and the value of the scale *a* ranged from 20 to 60 with increments of 5. The resultant center frequency *Fc* for this wavelet is 0.6 Hz. The organization of this figure (columns and rows according to intensity levels and chirp number) is the same as the one used in [Figure 4](#F4){ref-type="fig"}. In [Figure 6](#F6){ref-type="fig"}, red to black and yellow to white colors represent small and large values of PSS, respectively. The brighter color areas, *i.e.*, areas with high phase synchronization, are related to the presence of the wave V of ABRs and are easily extractable for middle to larger scales. In this figure, the duration times of the chirps were removed, as in [Figure 4](#F4){ref-type="fig"}, in order to have the same time reference point, *i.e.*, the offset of the stimuli, and thus, facilitate comparison between measurements with [Figure 4](#F4){ref-type="fig"}. [Figure 7](#F7){ref-type="fig"}, shows the same PSS results of Γ*a,b(X)* but for the specific scale *a*=40, which was the scale that showed the best performance, i.e. higher values of Γ*a,b(X)* during the presence of wave V for the different stimulation conditions, which are specified on the same figure by gray arrows.

Figure 6Grand average over all the subjects of Γ*a,b(X)* (the scale *a* ranges from 20 to 60 with increments of 5), for the different stimulation conditions. The left, center and right columns correspond to the intensity levels of 50, 40 and 30 peak equivalent sound pressure level, respectively. The rows from top to bottom, correspond to the chirps Ch4, Ch3, Ch2, Ch1 and B-bCh, respectively.

Figure 7Grand average results of Γ*a,b(X)* for the scale *a*=40. The left, center and right columns correspond to the intensity levels of 50, 40 and 30 peak equivalent sound pressure level, respectively. The rows from top to bottom, correspond to the chirps Ch4, Ch3, Ch2, Ch1 and B-bCh, respectively. The arrows indicate the mean latency of the wave V for the different conditions.

Discussion {#S4}
==========

Chirp stimuli and auditory brainstem responses
----------------------------------------------

The chirps, shown in [Figure 2](#F2){ref-type="fig"}, were developed to stimulate specific areas along the cochlear partition. Therefore, and in order to avoid stimulation of undesired areas due to abrupt onset or offset stimulation, the chirps were calculated to start and end exactly with zero value. Also, in order to decrease synchronized activity from the rest of the cochlea, notched-noise was added to the stimuli. Moreover, the advantage of the flat amplitude spectrum windows is that they should stimulate all the fibers of the auditory nerve, which are of interest in the same proportion.

The study reported in^[@R26]^ obtained ABRs responses with a similar paradigm like the one used in this work, but only one low frequency chirp (bandwidth of 100-480Hz) was tested and not a series that cover an important portion of the auditory range in humans. It could be argued that an alternative paradigm using a broadband chirp combined with noise could limit the response to the bands of interest. Nevertheless, the duration of all band limited chirps is much shorter than a broadband chirp, which would improve the acquisition time in applications where the obtention of a fast response is critical, such as frequency specific hearing threshold detection in newborns or during hearing aid fitting procedures. Anyway, after developing such a series of chirps, a comparison of both methods could be easily accomplished.

The trace of the wave V evoked by the different chirp stimulation is easily noticeable in [Figure 4](#F4){ref-type="fig"} from the color map representation and also from the averaged response (black lines). Note how the latency values increase as the frequency content of the chirps decreases. According to literature, these would be the expected results considering the tonotopic organization of the cochlea. Here high frequencies are delayed from low frequencies as a stimulus travels along the cochlea from the base to the apex. This effect is also clear in [Figure 5](#F5){ref-type="fig"} (bottom) where mean latencies of wave V of ABRs overall subjects are shown. It can be seen that in general, the latency values of ABRs responses evoked by chirps with high frequency content have shorter latencies as compared to the ones evoked by chirps with medium and lower frequency content, respectively. Also, it can be seen that latencies of responses evoked by higher intensity levels are in general shorter than softer intensity levels, which is also in accordance with existing literature, where latencies of wave V of ABRs evoked by tone bursts were normally employed.^[@R13],[@R16]^ The thick black line shows the mathematical cochlear model, developed by de-Boer, which was used to calculate the instantaneous phase function of the chirps, and is considered as a first order approximation of the behavior of the BM. Note that the mean latency values follow the same decreasing tendency as the model, but with the difference of an offset due to the intensity level employed to evoke the ABRs. The intensity variable is not included in the model, but a second generation of band limited chirps has been developed in parallel, using the wave V latency curves reported by Gorga and Neely.^[@R16],[@R17]^ Here the intensity factor is also included, but due to a simplification of the paradigm, and acquisition time, one series of chirps was tested first.

This second generation of chirps will be tested in future studies changing different variables in the paradigm as discussed later on this paper.

In the same [Figure 5](#F5){ref-type="fig"}, the relation frequency-intensity of the stimuli and the latency of the wave V can be seen. For the highest intensity used in these experiments (50 dB pe SPL), the latencies are in general smaller as compared to the ones for lower intensities, such as 40 and 30 dB pe SPL. Likewise, the latency values for 40 dB pe SPL were smaller than the ones for 30 dB pe SPL. The latest was analyzed by an ANOVA test and the values which reached significance (P\<0.05) were as follows: comparing intensity levels of 50 and 30 dB for the Ch2, Ch3, Ch4 and B-bCh; comparing intensity levels of 40 and 30 dB for the Ch3, Ch4 and B-bCh; and comparing intensity levels of 50 and 40 dB for the Ch4 and the B-bCh. In the same figure as well as in [Figure 4](#F4){ref-type="fig"} the larger latencies corresponding to the low frequency chirps stimulations (Ch1, Ch2) are noticeable, compared to the smaller latencies of the responses for higher frequency chirps (Ch3-Ch4). These results have the same behavior of the latency curves reported by Neely and Dau,^[@R16],[@R17]^ with the difference that instead of including a pure single frequency, they include a group of frequencies which covers a large percentage of the auditory range. The same is observed for latency results using chirps.^[@R26],[@R50],[@R27]^ The latency difference of the broadband chirps between the highest and lowest intensity level was 1.47±0.29 ms, and for the band limited chirps the latency difference was in the range of 1.98--2.56 ms for the lowest and the highest intensity level, respectively. The latency of the wave V is assumed to be a sum of a neural and a mechanical component.^[@R17]^ The mechanical component is sensitive to frequency and intensity of a stimulus, while the neural component can be assumed as constant (5 ms).^[@R17],[@R21]^ Note that the latencies plotted in [Figure 5](#F5){ref-type="fig"} have a subtraction of 5 ms, which corresponds to such a neural component. This was done because the latency-frequency function, represented with a thick black line, includes only the mechanical properties of the BM.

The last rows 5--7 in [Figure 4](#F4){ref-type="fig"}, correspond to broadband results. The 5th line, represents the results using the broadband chirp. The 6^th^ row and the 7^th^ are the result after adding the responses of the band limited chirps. The difference between these two waveforms is that for the 7^th^ row, the averaged ABRs were first aligned with each other and then added. In general, all these waveforms show larger amplitudes compared to their individual band limited responses. This is also due to the fact that larger amount of the auditory nerve fibers were stimulated in a synchronous way using stimuli with a larger spectral content. The same can be observed in a general way overall the subjects on [Figure 5](#F5){ref-type="fig"} (top). There, it is easy to see that responses evoked by the B-bCh were larger in general compared to the amplitudes of the band limited chirps, the mean amplitudes evoked by the broadband chirps were 0.54, 0.52 and 0.39 µV for the intensity levels of 50, 40 and 30 dB pe SPL, respectively. On the other side, the amplitudes of the signals in the 7th row, in the [Figure 4](#F4){ref-type="fig"}, are larger than the responses evoked by the broadband chirp and the summated response without pre-alignment (6^th^ line). If a broadband chirp had an *ideal* instantaneous frequency function, i.e., the frequency components would be so perfectly organized such that each frequency would reach its sensation locus at the BM at the same time, a maximum response like the ones shown in the 7h row would be the result. This is difficult to accomplish in a general way, due to inter-subject variability. Nevertheless, a close to *ideal, i.e.,* generalized stimulus still can be developed and is the focus of ongoing research of different groups.^[@R21],[@R27]^ The 4^th^ line on [Figure 4](#F4){ref-type="fig"} shows large latency values of the ABRs collected with the Ch1, the band limited chirp with the lowest frequency content. In order to increase the amplitude of the summated response on the 6^th^ line, an extra adjustment of this low frequency chirp stimulus could be done. These changes could include, as it is also discussed later on this section, changes on the intensity level of the chirps which means that all of them could be adjusted and presented at the same sensation level as well as an adjustment of the intensity level of the masking noise for the different chirps.

On the other hand, when comparing amplitude values between intensity levels, it can be seen that all amplitude results for the different band limited chirps evoked at 50dB pe SPL intensity level, are larger than the corresponding responses evoked at 40 dB pe SPL, and the same follows for the 30 dB pe SPL responses when compared to 50 and 40 dB pe SPL. No particular amplitude tendencies were observed within band limited chirps at the same intensity level. The mean amplitudes were around 0.21 µV for the band limited chirps stimulations at 30 dB pe SPL, and 0.27 and 0.35 µV for the stimulation levels of 40 and 50 dB pe SP, respectively. In some studies reported in literature the chirp stimuli were presented using physiological measures of sound, *i.e.,* in dB sensation level (SL),^[@R27],[@R50]^ which required the determination of the individual hearing threshold for each type of stimulus. In order to avoid a subjective threshold adjustment every time when a different subject-stimulus combination was present, we obtained the pe SPL^[@R45]--[@R47]^ for signals of short duration such as clicks and chirps. However, in order to have room for comparison, the 0 SL values were collected from all subjects. The normal Hearing Level (nHL) values of the chirps were calculated as the mean pe SPL of the detection threshold (0 dB SL) of the chirps at a repetition rate of 20 Hz. The resultant nHL values were: for Ch1 23.8±4.59 dB, for Ch2 21.5±4.62 dB, for Ch3 24.85±3.63 dB, for Ch4 36.93±3.99 dB, and B-bCh 31.5±3.61 dB. These values are similar to the ones found in literature. For instance the broadband chirp used by Dau *et al.*^[@R50]^ had a mean pe SPL of 33.5±3.6 dB. In that study a broadband chirp similar to the one used in this work was used to evoke ABRs (referred as flat-spectrum chirp, with a bandwidth of 0.1--10.4 kHz). Their resultant mean amplitude values were approximately between 0.6 and 0.8 µV for the intensity levels ranging from 30 to 50 dB SL, these intensity levels are comparable to ours. Even so, the amplitude values from our measurements using the B-bCh were smaller, in particular oscillating between 0.4--0.55 µV. Wegner *et al.*^[@R26]^ reported mean amplitude responses, collected with a low frequency chirp, of approximately 0.2 to 0.4 µV for intensity levels of 20 to 40 dB HL. The resultant amplitude values evoked by Ch1 were between 0.22 and 0.32 µV, for the lowest and highest intensity levels, respectively, which still within the aforementioned ranges. Nevertheless, a direct comparison with our results can not easily be done due to the fact that the 0 dB HL for their low frequency chirp was reported as 40 dB pe SPL, which differs from the 23.8 dB nHL of the low frequency chirp (Ch1) developed in this paper. The duration of both chirps was also similar, in the range of 6.5 ms, but the difference lies in the amplitude envelope, which is flat for Wegner *et al.*^[@R26]^ and with a rising amplitude window for Ch1, i.e., the energy spectrum of both stimuli is different. In Bell *et al.*,^[@R27]^ the band limited chirps had a 0 SL of 21, 24, 21 and 24 dB pe SPL, respectively for the low, medium, and high frequency chirps. These values are very similar to the nHLs of the chirps developed here, with a difference on the last high frequency chirp, which in our case has a broader spectral content. In the same publication, the amplitude values of the wave V were a little bit larger than what we found, in the range of 0.3 to 0.5. This could be due to the fact that in their paradigm no noise was present, thus a larger response could be expected.

### Time-scale phase synchronization stability

In Corona-Strauss *et al.*,^[@R42]^ the analysis of PSS was introduced for the robust analysis of single sweeps of chirp evoked ABRs, using broadband stimuli, i.e., broadband chirps and clicks. The idea of applying the same concept here was in order to find if the scale *a* of PSS to analyze frequency specific chirp-evoked ABRs might be different from the one for broadband chirps.

In [Figure 6](#F6){ref-type="fig"} it can be seen that, for all the conditions, the PSS is larger in the range of wave V. It becomes larger for the values of *a* ≥40, where *a* = 40 corresponds to the frequency of 288 Hz. This is consistent to our previous findings,^[@R42]^ where for Gabor frame phase stability (GFPS) analysis of chirp-evoked ABRs the channels with the highest energy of the ABRs corresponded to the frequency ranges of \[160--230\] and \[320--480\] Hz. In [Figure 6](#F6){ref-type="fig"}, for the B-bCh, the PSS of the wave V is larger even for small values of *a*, which is supported by the fact that more fibers of the VIII-th nerve are stimulated. However, scale 40 still a good compromise between temporal and frequency resolution.

The areas of larger PSS represented with yellow and white colors, become broader for large values of *a*. This also implies a loss in temporal resolution. Note that the temporal resolution decreases as a increases. This is why it is relevant to find an optimal value, which results in a good compromise between temporal and frequency resolution, and again, *a*=40 seems to be a good supported choice given our limited amount of data. It can be concluded that the scale for the analysis of frequency specific chirp-evoked ABRs does not necessarily need to be different from the scale employed for broadband chirp-evoked ABRs. Consequently, the presented series of chirps can be used in our PSS scheme for the early HT detection in Corona-Strauss *et al.*^[@R43]^ It is worthy to emphasize that PSS method allows for the analysis of single sweeps and can be used for the fast detection of ABRs. For instance, as stated in Corona-Strauss *et al.*,^[@R49]^ where with only 200 sweeps, the hybrid detection scheme allowed for a determination of a presence/absence of an ABR. Such a system for the fast detection of frequency specific ABRs can also be easily implemented.

The results presented in this paper are a first attempt to show feasibility of collecting ABRs using band limited chirps for different frequency bands. For this first attempt, some variables had to be fixed in order to simplify the paradigm and facilitate comparisons. For instance, the masking level used in this study, was 20 dB below the pe SPL of the stimulations, as recommended in the study by Stapells *et al.*^[@R44]^ for low frequency specific brief tone bursts-evoked ABRs. It is also possible to analyze in further investigations which level of masking gives better results for low, medium and high frequency specific chirp stimulation. Another improvement, as previously stated in this paper, can be the use of chirps which include the intensity level factor as a parameter for their generation. Also, in this experiments, the chirps had always alternating polarity; this was done to avoid stimulus artifact. However, as mentioned by Gorga *et al.*,^[@R51]^ the effect of the phase on the stimuli can also play an important role for the latency of the responses especially for low frequency stimulations. This effects can also be further investigated in future work.

A further step on the validation of this method includes a full comparison against established methods for frequency specific threshold determination, *e.g.*, tone bursts-evoked ABRs. An advantage of the band limited chirp-evoked ABRs is that they are not measuring the response of specific narrow areas of the cochlea, but instead of important fragments that include a wider but limited range of frequencies. All of these frequencies will contribute to the response in a more synchronize way, due to the physical characteristics of the chirps.

Conclusions {#S5}
===========

In this paper the development and test of a series of notched-noise embedded frequency specific chirps were described. The developed band limited chirps, allowed the assessment of frequency specific ABRs, with an identifiable wave V for different intensity levels. The resultant wave V latency measures showed a similar behavior as for the latency-frequency functions reported in literature. We conclude that we were able to extract frequency specific responses by means of the designed paradigm. The PSS of frequency specific chirp-evoked ABRs reflected the presence of the wave V for all stimulation intensities. The scales that resulted in a larger PSS are in line with previous findings, where ABRs evoked by broadband chirps were analyzed. This method can potentially be exploited for the fast recognition of frequency specific single sweep ABR responses using single sweep processing.
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